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ABSTRACT 


Recent developments in the fielo of power capecitors have 
lead to renewed activity in theoretical and experimental 
investigations of the self-excitea induction generator with 
particular consideration being given to high-frequency 
applications. The generating unit using shunt capacitors 

to provide excitation current has not presented satisfactory 
veliage requlatian characteristics. As the loac power 
factor becomes more lagging, the voltage regulation becoser 
isexreagingly poor. 


In an attempt to ingrove the voliage regulecion the induction 
generator hes been investigated wlth compensation attained by 
the use of additionel capacliance in series with the load. 
This operating technique causes possible loss of excitation 
Over & CGrialii range Of power demand at lagging power ‘actors. 
Theoretical studies indicate that, if comeensation were 
eccomplished by using an inductive, sather than capacitive, 
reactance in series with the loed, generation could be main- 
tained continuously for all load demands at any lagging power 
factor. 


Experimentation in this theeis work verifies these facts. 
Further, voltage ceguliation can be inmmroved by either de- 
creasing series inductance or increasing shunt capacitance. 
Generation will be continuous <rom no loud to maximum power 
eutput, 


ko excessive currents or voltages occur in the generating 
equipment or in tha line as a se@suilt of tranglents following 
faults. Frequency variations, howevey exist after sudden 
lead changes. this problem, as well ws that of voliage 
regulation, may well be handled by the application of 
automatic control equipment. 
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ed TRODUCTION 


The advantages of the induction generator, stemming 
from the squirrel-cage rotor construction, are known. 

Power companies have installed induction generators as 
supplementary power sources, In these installations, 
magnetizing current 1s supplied by the synchronous machinery 
of the system to which it is connected, The inherent rugged- 
ness, low maintenance, high speed possibilities, and low 
cost of construction of an induction generator could be 
enjoyed to a greater extent if the machine could operate 
satisfactorily as an independent source. Independence can 
be accomplished by the use of static capacitors as a source 
of magnetizing current. However, experimental and theore- 
tical analyses included in the literature lead to the 
conclusion that until satisfactory schemes of voltage 
regulation are developed, the induction generator will 

not be acceptable as an independent source of electrical 
power, 

Moreover, if the induction generator is compensated 
with capacitance inserted in series in the line, power 
generation will be lost for certain lagging power factor 
loads. Inasmuch as improvement of the voltage regulation 
may be accomplished by some form of series compounding, 
it seems logical to investigate the effect of inductive 
reactance on power continuity. Examination of the theory 


reveals that if inductive reactance were used, voltage 
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compensation will result and power generation is assured 
for all lagging power factor loads. 

The purpose of this thesis is to experimentally in- 
vestigate the characteristics of a self~excited induction 
generator using an inductive reactance in series with the 
load. Steady state performance is observed for unity, 
leading, and lagging power factors and for variations in 
shunt capacitance and series inductance. Transient 
behavior is studied under the conditions of short circuits, 


suddenly applied loads, and suddenly removed loads. 


Prior to conducting the experimental work, the per- 
formance of the induction generating unit was vill’ « 
Values of capacitive and inductive reactance were estimated 
for use in conducting the experimental work, In the labora- 
tory, the generator was operated at constant frequency. 
Combinations of resistors, capacitors, and inductors were 
used to provide the desired load magnitude anc power factor. 
Load voltage and current, generated voliage and current, 
power factor, power input, and power generated were recorded 
to determine the steady state characteristics of the generat- 
ing unit. The efficiency of the generator was determined for 
all operating conditions. 

An oscillograph was used to record the voliage and 
current transients occurring under single- and three-phase 
snort circuits, suddeniy applied loads, and step unloading. 
These transients were observed at both the load and machine 
terminals. 

A detailed discussion of this procedure appears in the 
Appendix. Included also is a brief review of the performance 


calculation technique employed, 





* Superscripts refer to references as listed in the 
Bibliography. 
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The analytical determination of the performance of an 
induction machine when driven above synchronous speed has 
been covered by Dr. Friauf! and verified by gwift? for 
both simple capacitor-excitation and for capacitor-excita- 
tion with capacitance compounding, Estes and Hussong” 
extended this work to parallel operation but without com- 
pounding. In all three of the above, it was noted that 
for certain lagging power factor loads the excitation of 
the generator, and hence its voltage, was lost while the 
power was building up; and further, that this condition 
became more severe as the lag angle increased. (This 
phenomena is explained in the Details of Procedure in 
the Appendix. ) 

In order to verify the anticipated results that there 
would be no lagging power factor excitatien discontinuity 
for an inductively compounded generator, values of X, and 
X, were chosen, using the method of Friaufl as explained 
in the Appendix, to give a fairly high value of open-circuit 
voltage and a value of short circuit reactance only slightly 
below the excitation-limiting condition. Thus continuous 
excitation for the unity power factor condition was assured. 
A value of 13.5 ohms for X, and 10.25 for X, was used for 


the family of curves shown in Figures 1, 2 and 3. 





rt et seed pm vegetlow enh oampd bow .eedeaenns 
pekinese fant aoe -aedtow’ fa vqu elehied eat comely 
cect) swaawnond eipce pel odd oe atevae eon soma 

i euedaneare le Clans evr rt keodelaas of sommimmilg 

| atoregen ong 

coer? anid selene ietieapinemn a's qiiana eh ene e « 
eLuniteom ls volition seehe) Corea srzened at oc Dime 
cow 0 VO feller .Teaeie beleigeoe qlottsoulet eae8 
Lor aioe se “wettel Te iotine ait) omtew .ongod? wtow gf 
clarion Se neki etd Gdedsd 2 ele cd onibogas oth ae 
eintils clo éeedeegs Moos soe % ouley 2 298 sppelow 
COW Heme Cul NEY GOOd BNF inSinnettos lope any woleal 
bocusce tee (DdkS TOME) Hwa efsey eas cok aolies ome 
io) i ee Th ot) eae yh oa) wade ©.0! Yo outlaw A 
. we ¢ | eee! a) wuts sevoem bo ¢lined 043 





| 3YnNdl4 


SYOLOVS YAMOd GVO SNOIYVA HOS LNAJYYND GVO1 SA 39VLIOA Avot 
GQVO1 OL LNSYYND ANIT—S3YSdWYV LNSYYND Avot 


(Cire 8I 2) vl cl Ol 8 9 


v ] 


oor ore re — 


ONIGV3I SZ0 
4O4 GSLVWILS3 


7 ~* JISVLSNN 


uszor=:'x ‘users: x 
$310d 8-602 ‘ON ‘HOVW LIW 


Q3QGNNOdWOD ATIAILINGNI 
‘$49 O9- YOLVYSN39 NOILINGNI 


YOLOVA 
4Y3aMOd 4 
ALINA 


SNIdv a] SAiG=” 


‘ONID9NVI SIO 
“ ONIDNVT €£0 
_9NIDN9V1 €S0 
ONID9NVI 890 
9NID9V1 80 


LINDYID 





oO 
LO 


OO! 


{OS | 


00¢ 


oO 
Wy) 
A 


oO 
oO 
mm 


Cant Olean ihijesinOV— ao VviloOn GvOu 





O00S 





eee sola 
SoOlova a4aM0d “GvVOssnoisvA 404 SaMW0Od GVO SA S9VIIOA OVO 


SLLIVM—¥Y3IMOd GVO) 
O0SP O00% O0SE OO00DE O0S2 0002 OOSsI O00! OOS O 


\ | 
LINDYID LYOHS 


SgavlSN (=~ 
ONIDSY 1 Sl'O— 


in 2 ere) | 
aU CeO l= mex ame Gil E=maeX! 


$310d 8- t~O0/ ‘ON HOVW LIW 


Q3SONNOdWOD ATSAILINONI OSI 
*S‘*d°D O9- HOLVYANASD NOILSNONI 


002 
ONIOOV 1 F¢e'O 
ONIDSDV 1 €S'O 
OG2 
ONISDV 1 89'0 
ONISOVa 8°05 
YOLODVS YSMOd ALINA pj OOF 


ONIGVAN S2'O 
be LINDUYID ae 
eos 


SiO l= aNin) sion — 49vhiI0n dVvO1 





GENRRATOR CURRENT -AMPERES (LINE) 
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LOAD CURRENT-AMPERES (LINE CURRENT TO LOAD) 


GENERATOR CURRENT VS LOAD CURRENT FOR VARIOUS 
LOAD POWER FACTORS 
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It is shown in these figures that a capacitor excited, 
inductively compounded induction generator will have con- 
tinuous excitation from open circuit to short circuit, and 
hence continuous voltage and power characteristics, for all 
lagging load power factors, provided of course that the 
excitation is continuous at unity power factor, It is 
further shown in Figures 1, 2,and 3 that for leading power 
factors a point may be reached at which the magnetizing 
impedance is insufficient to give excitation current, and 
consequently the voltage and power will collapse. Note 
that in Figures 1 and 3 the leading power factor curve is 
discontinuous at the origin. This is the condition ef no 
excitation. The theory leads to the fact that if the para- 
meters are such as to permit a sustained short circuit, 
then generation should reoccur at some lower value of load 
impedance, It was found that the generator was very unstable 
in the region approaching loss of excitation and tended to 
drift toward no excitation at load voltages of about 60. 

It was also impossible to obtain re-excitation after passing 
continuously through the region of no excitation. The same 
condition was obtained, however, by overspeeding the 
generator, exciting at a higher frequency and hence a value 
ot X, below critical (see magnetizing curve, Figure A-3) 

and then slowing to 60 c.p.s. On Figures 1 and 3 the path 
of the curve for leading power factor between the point of 
re-excitation and short circuit is estimated and shown 


dotted, 
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It is most important to note here that the loss of 
excitation occurred well after the power peak and not 
during the power build-up as was the case described by 
Swift? for the capacitance-compounded generator. This 
is, of course, because the critical value of magnetizing 
reactance as seen by the machine terminals themselves 
(inside X, and X,) does not drop to the critical value 
until well after the peak conditions. This is explained 
in detail in the Appendix. 

Figures 1 and 2 indicate the fact that the voltage 
regulation becomes very poor and the peak power available 
drops off sharply as the power factor loads become increas- 
ingly lagging. 

Figure 3 brings out the fact that for unity or lagging 
power factors the highest value of the generator current, 
Ig, occurs at the no load condition. (It thus came as no 
surprise that an easy way to cool off the test machine was 
to load it down.) It was for this reason that no attempt 
was made at interpreting the results as per-unit values. 
Conventional rating methods do not apply to a generator of 
this type inasmuch as the ratio of the KVA rating of the 
machine proper to the corresponding KVA rating of the output 
terminals 1s so large. This is due to the unavoidable fact 
that a large part of the generator current must go through 
Xo, reducing I; relative to Ig; notwithstanding the phase 


angle consideration. 
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A cross curve of peak power is shown in Figure 3, This 
has no significance other than perhaps predicting the load 
current and the iy to Ig ratio at peak power for some other 
power factors, It is worthy of note that as the power 
factor increases from highly lagging to unity to leading, 
the ratio of I, to Le increases. This fact of itself would 
lead us to the conclusion that since more of the rated current 
of the generator proper is getting to the load, the machineis 
operating more efficiently at the higher power factors. Table I 
shows the approximate value of the efficiency of each run at 
the maximum power point. The values were arrived at by sub- 
tracting the d-c drive motor losses from the d-c input power 
and calculating the induction generator efficiency by using 
the shaft input power and wattmeter readings at the load. 

No account was taken of meter losses or the losses occurring 


in the variac, 


~LABLE 1. 
Efficiency at ee Condition 
o 

x = 18.5 X = 10,25 

Power Factor Efficiency 
0.15 lag 16.6 
0.38 33..6 
6.5 40,5 
0.68 48.5 
0.80 86,5 
1.00 umity 63.6 


0.75 lead 68,0 
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The voltage waveform for the generator unit was observed 
on an oscilloscope connected across the load during all the 
runs involved in Figure 1 and was found to be a pure sinusoid 
at all loadings. An example for 0.8 lagging power factor, 
at peak load is shown in Figure 4, This confirms for the 
compounded generator the resuits described by Estes and 
Hussong? for the uncompoundced case. This may also be observed 
on the oscillograms of transient behavior included in the 
following section of this chapter, 

In order to extend the results described above, a series 
of runs, all at unity power factor but with various X: and X¢, 
have been plotted in Figures 5, 6, and 7. On each figure the 
center curve (x, = 10,25, X, = 13.5) is a duplication of the 
unity power factor curve of Figures 1, 2, and 3 respectively. 

A decrease in the value of X; relative to that of the 
first set of figures while holding X, constant (same open~ 
circuit voltage) gives perhaps the most important result 
obtained. Figures 5 and 6 show that for a given power output 
the voltage regulation from no load to a qiven load is con- 
siderably improved. For example, on Figure 5 at a 2.5 KW 
load, the improvement is from 18.5 percent to €.9 percent. 
With an X; of 3.7 the generator would undoubtedly be operated 
at a higher power where its regulation would drep off. It is 
seen in Fiqure 5 that the voltage characteristic is quice 
linear until about 3.5 RW, It is further noted that the 


peak power available is considerably greater as X,; is decreased. 
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This all has been achieved by accepting a discontinuity 
in the excitation at the X; = 3.7 condition. The value 
of the short-circuit magnetizing reactance is such that 
it is above the critical value as shown on the magnetizing 
curve. Referring to Figure A-5(a), the short-circuit con- 
dition is below the limiting value of susceptance. AS was 
noted previously, the point of initial loss of excitation 
is well beyond the peak power point, therefore, at a point 
Where operation is unlikely. Also, and of equal importance, 
is the fact that lagging power factor loads would not cause 
loss of excitation at any earlier relative value of power. 
Figure 7 shows that the two curves at X; = 3.7 have 
no sustained short-circuit current whereas the condition 
of the runs in Figures 1, 2, and 3 permitsa sustained 
short-circuit of 9 amperes. This is borne out by the 
discussion in the preceding paragraph and will be mentioned 
at greater length in the section of this chapter on transients. 
The results shown on Figure 7 indicate that for a given 
generator rating the ratio of load current to generator 
current is greater as the value of xX; is decreased. This 
eof itself would again lead one to suspect better operating 
efficiency for the set with a lower X, . At any rate, it 
would be expected that the generator-set rating (at the 
terminal beyond X;) would be closer to the required KVA 
rating of the machine proper. Note in Figure 7, as in 


Figure 3, that the rating of the machine needs to be much 
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higher than the rating of the generator set. The run at 
the lower value of X,; was indeed found to be more efficient 


as noted in Table II. 


TABLE LI 


Efficiency at Maximum P 


ower Conditions 
» Unit p 





i 





Parameters Eiviciency 
a =e. 

1. 13.5 63.6 

oF 18.6 68.3 

3.7 22.8 €2.8 


The third curve on Figures 5, 6, and 7, namely, X; = 3.7 
and X, = 22.8, was run as a verification for the inductively 
compounded generator of the results predicted by Friauft 
and checked experimentally by switt”, The open circuit 
voltage is found to be much lower as the value of X, approaches 
the critical X, as shown on the magnetizing curve. As 4 
consequence, the voltage regulation is very poor and the 
peak power available drops off rapidly. The set itself 
Operates efficiently on an output-over-input basis. There 
is nonetheless a gross inefficiency in the use of the machine 
size involved, 

To briefly summarize the important steady state results 
of the conditions investigated: 

1. Continuous generation for all lagging power 

factors is assured if excitation is contin- 


uous for unity power factor. 





ae 


—= 6 t > = tt nied axl Cem ae Oe 


V6 mg immo oT ter 2 Rm oe wwe Meth aoe” 
‘Neee¥ eo Wty alkeys 67 Supre 6) Je TesecenO balenogeD 
Jieaete anaes wer ASViwh od cite beeee: Gal 

f9/\2o Ee Gh WS obher CM oe CuWeL Ace od py LaWoh 4! Oren sa 
(64h sree RAM fewee OnP cor oy 8e 2 Lecti les ond 
hG) SL Tey PTY Bo LAR OW opel key AAP .ocmpeRROD 
 Qtoese ee ON .VERC I Che danse wlte Leere ceed Arg 
ov (PARED SmQML-TEO~PURTIO ae no \lenetei hrs tate 
entisam GS o> omy welt HL YdemesdTard ateno & ereienl comer et 
‘= beeen made 

1 /1MEOS ODN YRADTS (CEPR Sh> Geiaeeee yineser eT | ty 
vebttehisannd Sneaks ume et ae 

serene tigers Lys et eaneompemp eueaniemms LO 

~asittw ws woligtiogs bi beaenee ol eouracs ‘oe 

Ted my prime 30) free ; 


13 


2. In cases of leading or lagging power factor, 
where discontinuity of excitation exists, the 
discontinuity occurs after the peak power 
condition, 
3. The voltage regulation and efficiency drop 
off rapidly for the more lagging power factor 
conditions. 
4, Voltage generated is a pure sine wave. 
5S. Reduction of Xis with X, held constant, 
effectively improves voltage regulation 
and peak power, 
6. KVA rating of the machine proper must be 
larger than the KVA rating at the terminals 
of the set and must be based on no-load 
(open circuit) conditions which are the 
most severe, 
r nt Studi 
Sudden interruption of steady-state operating conditions 
in an electrical system may cause abnormal transient values 
of current and potential. Disastrous peak values of voltage 
surge or current in-rush may instantaneously exist even though 
safe, steady-state conditions prevail before and after the 
change. Also, the effects of abrupt faults, if not localized, 
may cause an entire system to become unstable. Generally, in 
an electrical system being supplied with induction generator 
power no intolerable transients occur, though the generator 


may become unstable and cease generation of voltage®. 
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19. 
- The transients at the 





load terminals and at the generator terminals resulting from 
a three-phase short-circuit are illustrated by the oscillo- 
grams of Figure 8. The valve used for shunt capacitance 

in all transient studies was one which provided an apen- 
eireuit voltege of 305 volts. With the inductor selected, 

a reasonable power output of about 4.8 KW was obtained. 

The steady-state frequency before application of the short 
was 60 c.p.s. Thus, the initial portion of each trace may 
be referred to as a time scale. 

Currents and voltages of only one phase are shown 
because balanced conditions existed. Figure 8-a shows 
current and voltage at the load terminals; Figure 8b, 
the same at the generator terminals. The shorted load 
was at unity power factor. 

The load veltage, e, of S-a, obviously must change 
immediately to zero. There is an immediate peak of current, 
ape of about two and one-half times the initial current 
peaks. The current wave form is enclosed in an exponen- 
tially decreasing envelope, In approximately one-half 
second the shert-circuit current is practically zero. 

The time constant involved here is determined by 
the impedance of the equivalent circuit as seen looking 
back from the shorted terminals. Because four energy 
Storage elements are involved, there will be four roots 
to the characteristic equation describing the impedance. 


No decaying direct-current component of line current can 
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TRANSIENTS ~FOLLOWING A THREE PHASE SHORT-CIRGUIT 
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be distinguished. For only about 0.1 seconds did the 
transitory line current have an effective value greater 
than that of the initial Line current. 

After the load was shorted out, the series inductance 
was effectively placed in parallel with the shunt canacitance. 
This combination annears to the induction machine as an 
inductive reactance of 5.1 ohms. Thus, excitation current 
cannot be supplied and the machine fails te senerate. 

Referring to Figure 8~b, it is seen that the stator 
current, i» and voltage, es; hoth go to zero without 
surging, and furthermore, that the response times are the 
same as that for the short circuit current in the line, 

It can be concluded that no damage to this qenerating 
unit will result because of a three-phase short-circuit, 
However, it is significant +o note that unless a short- 
circuited branch can be removed from the system within a 
fraction of a second, all power service will be lost. 

It should be pointed out that in the trace of machine 
current, toe there apoears an initial surge of direct- 
current, followed by an exponential decay to zero. As a 
result, the entire exponential envelope of the sinuscidally- 
varying component is offset above the zero level. The offset 
phenomena depends upon the instant of transient introduction, 
The rate at which the offset decreases is considerably greater 


than the rate at which the envelope decays. 
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be) Single-phase Short-Circuit - Of the two, the 


fault more commonly encountered is the single-phase, rather 
than a three-phase short-circuit. The transient effects 

of a Single-phase short-circuit, as exhibited at the load 
terminals and machine terminals, are illustrated in the 
oscillograms of Figure 9-a and Figure 9-b, respectively. 

It was necessary to show traces for only phase B and either 
phase A or phase C, However, all three phases were trace- 
recorded and, obviously, the conditions of phase A were 
repeated in phase C. Actually, the pure resistance load 
was adjusted so that voltages in all three phases were 
closely balanced. Some unbalance is indicated in both 
oscillograms because the sensitive elements of the oscillo- 
graph did not permit fine adjustment of galvanometer sensi- 
tivity. 

As in the previous case, with voltage, Vicar across 
the shorted phase going instantly to zero, the currents, 
ipg and i;,, in the shorted lines initially surge and 
thereafter exponentially decline to zero. Now, however, 
the rate of decay is nearly one-half that for the three- 
phase case. The maximum instantaneous current carried by 
the shorted lines is about twice the steady-state current 
peak. In the third line, the current never exceeds the 
steady state value, since neither end of the shorting 
cable is connected to phase B. 

With voltage, Vou? equal to zere, the instantaneous 


voltages, Yap: and Yoo? must remain equal in magnitude 


and separated by a 180-degree phase angle. A "ghost" 
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TRANSIENTS FOLLOWING A SINGLE PHASE SHORT -CIRCUIT 
FIGURE 9 
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trace is apparent in the center of the upper oscillogram. 
This is attributed to a stray reflection from one of the 
potential.- recording galvanometers. 

The oscillogram of Figure 9-b shows transients at the 
machine terminals and is similar in pattern to the corres- 
ponding oscillogram of Figure 8-b for the three-phase short 
circuit. Two noteworthy differences are found, howevex. 
The first is manifested by the doubled time of decay, in 
agreement with conditions in the line. A possible 
explanation of this may be found in considering the 
transient voltages across the three shunt capacitors. 

With the three phase short circuit, these capacitors are 
each shunted through a series inductance. The voltage 
across the capacitors diminishes rapidly to zero. On 
the other hand, in the instance of single-phase shorting, 
only one capacitor is shunted through series inductance, 
It would be expected that the voltages across the other 
two capacitors would have a longer transient period. As 
long as these voltages are sustained, the induction machine 
will receive excitation current, It follows that power 
generation will not completely end as quickly as when 

all three phases are shorted. 

A second major difference between the oscillegrams of 
Figure 9-b and Figure 8b is evident in the trace for 
current, bop? of the latter. It was pointed out previously 


that the line currents, ita and bg momentarily surged to 
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higher-than-normal values. To accommodate the current surges 
in the two phases, A and C, current is most readily drawn 
from phase B through the inter-connecting capacitors. 

This causes a sudden compensating drop in machine terminal 
current for the B-phase, as is shown in Figure 9~b. 

Power is eventually lost because, as explained in the 
discussion of a three-phase short circuit, the reactance 
seen by the induction machine is not sufficiently capaci- 
tive to furnish the necessary excitation current. 

Se) Induction Motor Starting - To simulate a varying 
load demand on this power generating unit, several trials 
were made wherein the system load was suddenly increased 
or decreased. This section investigates the transient 
effects of suddenly starting an induction motor. Oscillo- 
grams obtained include those of figures 10 and ll. 

Figure 10 carried traces of line current, i,, and 
voltage, v,, and machine current, 1g, and voltage, Yge 
For the trial illustrated, there was a prior balanced load 
on the generator of about 4.4 KW before starting the induc- 
tion motor. The induction motor was started and run with a 
continuous shaft load equivalent to about 700 watts. From 
Figure 10-a it is seen that the line voltage initially 
dipped in agreement with comments elsewhere concerning 
voltage regulation. Once the inertia of the motor and 
connected load had been overcome, the line voltage increased 


to almost the original value. The line current during this 
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TRANSIENTS FOLLOWING INDUCTION MOTOR STARTING 
WITH LOADED GENERATOR 


FIGURE 10 
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FIGURE 11 
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period, naturally, first increased abruptly and then 
exponentially diminished to a steady-state value not 

much higher than that value prior to the load change. 

This was a relatively light load addition, though believed 
to be not unlike a condition that is common on an expanded 
scale in power distribution systems. No transients of any 
consequence are observed, The length of the transient 
period is governed principally by the characteristics of 
the load. 

There is noted, superimposed on the envelope of the 
sinusoidal line current, i,, am oscillating component of 
small amplitude and low frequency. This is thought to be 
a feature introduced by the motor and its connected load. 

At the machine terminals, current and voltage vary 
as indicated by the traces of Figure lO=-b. As can be seen, 
slightly different load conditions prevailed in the run 
during which this oscillogram was recorded. The tendency 
for terminal voltage to remain nearly constant is partly 
due to the high degree of saturation at which the machine 
was being operated. The stator current dip was caused by 
a decrease in excitation current as the imaginary part of 
the impedance presented to the machine terminals became 
less negative while the motor was gathering speed. 

The next step was to produce the oscillogram of Figure 
ll-a, showing the effects in the line of an induction motor 
being started with an unloaded generating unit. The oscillo- 
gram presented in Figure ll-b is for a similar condition 


except that here the induction motor was heavily loaded. 
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In neither case do the line transients show instantaneous 
values for current or voltage that might cause a generating 
unit casualty. In the latter trial, the induction motor 
load was approximately one-fourth the maximum power output 
obtainable with the combination of capacitance and inductance 
used, As the motor~-starting load is further increased, the 
induction machine eventually wiil lose excitation and fail 
to generate. As in the short circuit case, no dangerous 
currents or voltages would be produced, In comparison, the 
instantaneous line current resuiting from starting an 
induction motor with a synchronous generator may be six 
times the peak current of the steady statel®, 

d,) Unloading - To complete the study of load varia- 
tions on the induction generating unit, it was necessary to 
consider the effects of abrupt load removals, For this 
purpose the generating unit was loaded with parallel banks 
of resistors and then unloaded by cutting out resistance in 
three-phase sets. Figure 12-a illustrates both the line 
and the machine electrical transients following a sudden 
load reduction of 50 percent. The accompanying oscillogram 
of Figure l2-b was obtained by dropping the remainder of the 
load. 

The traces of Figure l2-c were recorded when the entire 
load was dropped in one step. In the first and third instances 
the initial load was approximately 3 KW. In all cases the 
load was symmetrical; thus, the effects in only one phase 


are illustrated, Again, in all three cases, the value of 
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TRANSIENTS FOLLOWING ABRUPT UNLOADING 
FIGURE liz 





shunt capacitance was the same as for all previous transient 
investigations. However, the value of the series inductance 
was increased somewhat in order to give poor voltage regu- 
lation between the unloaded and the loaded conditions. By 
doing this, it could be expected that voltage surge, if it 
existed, would be demonstrated more clearly. An examination 
of the three oscillograms shows that no voltage surge occurred, 
The line voltage instantaneously jumps to a value nearly 
equal to the new steady-state value. The remaining small 
increase in voltage is attained gradually in the next 
quarter of a second. The generated voitage remains nearly 
censtant; the small change involved is completed within 

S cycles, Upon decreasing the load by one-half, the line 
current (ij of Figure 12~a) exhibits a remarkable transient 
effect. It appears that this transient is of an extremely 
over-damped nature. 

Unbalanced loading after initiation of the transient 
produces a harmonic in the final stator current wave, dos 
of all three oscillograms. The voltage trace, however, is 
consistantly a pure sinusoid. Here, as in a transformer, 
the exciting component of current has varied irregularly 
to preserve sinusoidal voltage output. 

e,) Frequency Variation ~ In all of the oscillograms 
recording the effects of sudden changes in load, it is noted 
that frequency decreased with increasing load. This is due 
to the change in slip accompanying power variations. As 


power is increased from zero, the slip is approximately 
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proportional to power. The inertia of the generator rotor and 
connected drive motor maintained essentially constant speed 
through each load change. The increase in slip speed causes 
an equal decrease in what is conventionally termed synchronous 
speed, With a fixed number of poles the result is a pro- 
portional decrease in frequency. 

Conclusions drawn from the discussion of experimental 


results of transient investigation are included in Chapter IV, 
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The work performed with the self-excited induction 


generator with series inductance compounding leads to 


the following conclusions: 


1. 


3 


4, 


The no-load characteristics of this generating 
unit are determined by the exciting capacitance 
and machine constants. 

With load applied, the line voltage regulation 
is improved as series inductance is reduced, 

holding shunt capacitance constant. 

With constant series inductance, the line 
voltage regulation is improved by raising 

the shunt capacitance. 

Providing power service is continuous for the 
range of unity power-factor loads from no-load 
to short circuit, the generating unit will not 
cease generation for any lagging power factor 
load. The maximum power output may be in- 
creased by either reducing series inductance 
or increasing shunt capacitance, 

Loss of power due to insufficient magnetizing 
inductance does not occur before the generating 
unit has delivered maximum power obtainable 
with a given combination of inductance and 


capacitance, 
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6. Efficiency of the generating unit is poor 
for partial loads due to the presence of 
a large excitation current, 

7. The transients following faults and sudden 
load changes do not produce excessive 
currents or potentials in the generating 
unit or line, Sustained short-circuit 
current is dependent upon the relative 
values of series inductance and shunt 
capacitance, 

From an engineering standpoint, it seems that the design 
of a practical induction generating unit based on present 
knowledge will involve a compromise between voltage regu- 
lation and power output on the one hand and stability and 
efficiency on the other, Good voltage regulation may be 
obtained by working the generator highly saturated; however, 
excessive inefficiencies will result. Capacitive compen- 
sation can produce desired voltage characteristics under 
load, but may lead to excessive values of terminal voltage 
and machine current if the line becomes shorted. Moreover, 
the shunt capacitance must be a value low enough not to 
produce excessive open circuit voltage; yet, high enough 
to assure generation continuity through a reasonable range 
of lagging power factor loads, 

Faults will net produce dangerous currents and potentials 


if inductive compensation is employed. Inductive compensation 
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may lead to discontinuous voltage generation, but this will 
not occur before reaching the point of maximum power, 
Furthermore, and equally important, inductive values that 
lead to this condition of instability also result in the 
maximum power obtainable with a given machine size. In 

the limit, series inductance may be reduced to zero, i.e., 
no compensation, but this candition causes voltage regula~ 
tion to become rapidly worse as load power factor becomes 
more lagging. 

Inductive compensation may be adjusted to give con- 
tinuous power generation for all iagging power factor loads. 
However, in order to carry reasonable loads, the unit must 
have shunt capacitors of large size,and will, therefore, 
suffer from the above-mentioned disadvantages. Again, 
voltage regulation is far from satisfactory. It is believed 
that a compromise design for a self~excited induction genera- 
tor, statically compensated, will require inductive compensa- 
tion. The value of inductance will be selected after 
considering stability, power output and voltage regulation 


for expected load demands, 
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Vv fEND 13 


Poor voltage regulations is one of the major disad- 
vantages of the induction generator without compensation. 
Static compensation improves voltage regulation, but 
introduces other objectionzble characteristics of operation, 
Adjustable compensation may be a satisfactory solution, For 
this purpose, Capacitive compensation would not be acceptable 
because smoothly-varying eupesiiees in power sizes are not, 
at present, feasible, On the other hand, an adjustable 
inductance could be continuously increased to give the 
desired line voltage characteristic, 

One scheme that appears promising involves use of an 
automatically centrolled inductance as series compensation. 
As load increases, line voltage would be held nearly con- 
stant by decreasing the inductance through a regulatory 
system, The inductive reactance may be supplied by a 
saturable core reactor, or a movable core inductance coil. 
At this time, it is felt that sufficient knowledge of the 
induction generator has been gained to permit a study of 
self-adjusting voltage regulation from a servo-mechanisms 
viewpoint. 

The advantages of an induction generator will become 
more apparent at higher frequencies, Size and cost of 
capacitances could then be considerably reduced, Also, 
the squirrel-cage rotor will permit relatively high rotor 
speeds. For these reasons it is recommended that further 


work be performed at 400 c.p.s. 
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Frequency regulation should aiso be investigated with 
a view toward reducing the frequency transient following 
changes in load demand. for practical use in a turbo- 
generator set, tne speed of the induction generator must 
be varied with load demand to maintain constani frequency. 
The conventional fly-bail governor of the turbine must be 
modified to previde fer control of spring tension. This 
control will be actuated by deviations from the desired 
frequency. For parallel operation, load will be distributed, 
as now, by adjusting the throttle opening. The combined 
rotating inertia of the turbine and generator will make 
transient frequency variations unavoidable, A study of 
the engineering problems involved in frequency control 
should be conducted by both analytical and experimental 
means. 

In conclusion, it is suggested that present disadvantages 
of the induction generator may be reduced somewhat by re- 
designing the electric and magnetic circuits of the induction 
machine. Machine currenis could be reduced by specially 
formed rotor conductors. Operation in relatively saturated 
regions may be tolerated if the volume of the iron in the 


magnetic circuit could be appreciably reduced, 
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The meathed that Frieué developed for performance 
calculations was moditied to incluce the effect of in- 
ductive compounding and then employed to predict values 
for shunt capacitance and series inductance for laboratory 
work. A qualitative description of this analytical work 
follows. 

Voltage build-up in an induction machine is initlated 
by residual magnetism in the field poles and progresses to 
a potential determined uniquely by the magnitude of shunt 
capacitance, A no-load saturation curve was obtained 
experimentally and appears in Figure A-3. In the lower 
region of this curve, points were obtained by connecting 
the induction machine through a variac to a 230-volt, 
S-phase power supply that resulted in no power transfer 
from line to stator ror each of a number of terminal 
voltage values. Data in the high-voltege region was 
obtained by operating the induction machine under no load 
a& a@ Capacitor-excited generator for various values of 
shunt capacitance, Terminal voltage and current were 
recorded and plotted to give the typical saturation curve 
of Figure A-3. Referring to the equivalent circuit of 
Figure A~2, it is seen that at no load conditions the 


Z : b a 
current from the terminals of the machine (marked t-t } 
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FIGURE A-1~OIRCUIT DIAGRAM FoR STEAOY STATE OPERATION 








FIGURE A-2-EQUIVALENT CIRCUIT OF ONE PHASE 
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is essentially equal in magnitude to the magnetizing branch 
current, Ty It will be noted that the slope of the straight 
line of Figure A-3, indicated by ox’, » represents a critical 
value of capacitive reactance, below which the generator will 
fail to build up voltage. Open-circuit voltage is fixed by 
the intersection of the saturation curve with the straight 
line, OX,, the slope of which is fixed by the value of shunt 
capacitance. 

Knowing the machine constants, the stator impedance drop 
was calculated for various values of no-load excitation 
current. By subtracting vectorally these impedance drops 
from the corresponding terminal voltages on a per phase basis, 
values of air-gap voltage, E,, were determined. 

It was assumed that there was no resistance included in 
the magnetizing branch, fhe suseceptance of the magnetizing 
branch can then be expressed by the relation: 


i = 2 ( 


y = 
—_ 


~~ 
na 


Magnetizing susceptance, Vg s was Calculated and plotted 
as a function of air-gap voltage, £). The result is the 
susceptance curve of Figure A~4. The distance o-aalong the 
abscissa of rigure A-4 represents a minimum value of mag- 
netizing susceptance below which no air-gap voltage will be 
generated. The existance of this minimum magnetizing 
susceptance is a direct consequence of the critical value 


of excitation reactance, 
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Referring now to the equivalent circuit of Figure A-2, 
Kirchoff's current equation applied to the point a, will 


result in the expression: 


2 & » & (2) 
which may be expressed as: 


Yo is that admittance entirely to the left of points a ~ b; 
Y, is that admittance entirely to the right of points a ~ b; 
and Y is the admittance of the magnetizing branch. 
Rearranging terms and employing the assumption of purely 
reactive impedance in the magnetizing branch, the final 
desired expression for magnetizing susceptance is, 
Yg = Im[¥,[ - Im IY] (3) 
The admittances Y. and Y; may be expressed as: 


Yo = 
lo/s + j Xo 


and (3) 
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An admittance diagram after the manner of reseut” wa 
then prepared showing the locii of Y,; and Y5 on a complex 
plane. First, it was necessary to determine experimentally 
the stator and rator constants of the machine as described 


elsewhere. From equation (4) it is seen that for a given 
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machine, Yo is a unique function of slip. With silp as 
a parameter, the lecus of Y> was plotted es indicated in 
Figure A-S(a). 

it can be shown that the locus of admittance Y), with 
magnitude of load impedance, 7,, a8 a parameter, is a 
circle for a given machine when shunt capacitance, series 
inductance, and load power factor angle are all held constant. 


The radius can be expressed by: 





=e ee (6) 
(-, +pHe =, Can é)+ [xrdnl (42* ey] - (# Xe Xe SEC = 2. 
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radius = 


The center of the circle is located as the point having 
an abseissa of: 


lan @ 


Jpg ees 
Aeuilie: Sephe KG 
(same denominator as Eq. 6) 


(7) 


and an ordinate of: 


Xen 2K 


= X32 (S) 
(same denominator as Eq. 6) 
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Such a cirele locus for Y,; 18 drawn in Figure A-5(a) 
labeled unity power factor. As the load impedance angle 
is varied to give lagging power factors, a family of 
circles is found for the resulting lecii of Y,;. The centers 
of these circles move te the left as the load power factor 
decreases, 1: circles pass through the open-circuit point 


and the short-circuit point, because for load impedance 
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equal to infinity or zero, power factor is meaningless, 

As brought out earlier, the open-circuit point is fixed 
by the value of shunt Capacitance. The short-circuit 
point falls below the Open-circuit point and moves nearly 
vertically up or down with increasing or decreasing series 
inductance respectively, 

From equation (3) it is seen that magnetizing suscep- 
tance, Ygs is equal to the vertical distance from the locus 
of Yo to the locus of Yy- A Straightforward mathematical 
analysis of the performance of the induction generator 
may be commenced at this point. In brief, the method 
involves graphically picking off values of magnetizing 
Suscéptance for selected values of admittance, Yj. Then, 
use is made of the Susceptance curve to determine air~gap 
voltage. Having a value for air-gap voltage and a corre spond- 
ing value of admittance, Y,» application of Simple circuit 
analysis will lead to Calculated values of load voltage, 
Vi» and load current, is of the equivalent Circuit, 

Figure A-2, 

This method of performance calculation 1s found in 
the notes of Dr. Friaurl and experimental confirmation 
is included in the work by Swift, For this thesis the 
method served to establish orders of magnitude for values 
of shunt capacitance and series inductance necessary for 
prospective laboratory investigations. It should be noted 


that as the inductance is reduced, the magnetizing susceptance, 


Va 














jawevto-ruote eat preted te 
vse worn ba and thvenitoragy WA mabe tls) 
exiwe gntaceryac 20 yatamwronk iw Te qu vile 

Jehev sa oegeey 
aso’ yiskivee Seth thn Mi aA 
wood auld we? aanutellr fect fray wits os LaMpe es Qh <ao 
Lacshvrmitjan bamretasogliae A 4p ¥@ quand © 
apawsecay volfaudels 6h? Yo gerummutyey ane Te at 
orlrsm edd ,Telua ad nog a Ses 
yatxitonges fo mnulay Ve pabtauy eLiscliigna aay 
yal yt swahedd tabs to egaiity taeeclas rol # 
<apwuke wilese/eh oF PyEUD wanadapcuws wad Se sede 6. 
<iuquerres © Line Spetlow qey-ite eat oclay © silva 49D) 
Pigothd atapile ve mnkeaptiqgs jf caomasiinhh No Bula 
wapatios kod bo teuier losslunies af oes Lite « 
thetic tmaknedeps elt to, introns bal we fl 
Sos eaglt 

“4 baont ob smiyeienias enmemediing Yo batiean 67 
mobtimapress karmaixeges ae “Habis? 90 Fe eure ol 
adt 4ipere 40 39 he ee fae wal pl etdeland Of 
cerlay et abadieuee Yo somuey (citer ae sarees Lediew 
mw yanpeszer semew usd! Galea Mmy pamns Loans Shy Gd 
sete oe Lleol of eobilep tere! yaatenodel «+i fesqeosg 


’ 
be 








aetepgeepee pele ddene att bonnie 26 amare O42 Of rat 


Y¢» may become less than the minimum value for sustaining 
voltage generation. When this condition prevails the 
locus of Yy has intersected the curve marked limiting 
line of Figure A~S. The limiting line is constructed by 
following the curvature of the locus of Y. at a vertical 
distance above equal to the value of minimum magnetizing 
susceptance, 

It might be pertinent to point out here that if 
admittance locii are similarly plotted for the case of 
an induction generator with capacitive, rather than induc- 
tive, compensation, two important changes occur. Locii 
are indicated qualitatively in Figure A-5(b) for this case. 
Obviously, the locus of Yj remains unchanged, However, the 
short-circuit point is now found nearly vertically above 
the open circuit point. Moreover, in opposition to the 
previous case with inductive compensatian, each family 
curve representing the locus of Y, for lagging power 
factors moves to the right as the load impedance angle 
increases. As illustrated in the sketch of Figure 5-A(b), 
this means that voltage generation would collapse for certain 
lagging power factor loads. 

in preparation for the laboratory work, the equivalent 
circuit parameters, figure A-~2, were experimentally deter- 
mined in accordance with A.I.E.£&. standards, The values 


of machine constants so obtained are listed in Table A-l. 
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r = 0.43 ohms 
r = 0,174 ohms 


x z 0,58 ohms 
Xe = 0.58 ohms 


» = 7.79 ohms 


A value of shunt capacitance was selected that would 
give an open-circuit voltage not exceeding a safe upper 
limit. A value of series inductance was then determined 
which would locate the short-circult point near, but above, 
the limiting line. With these values of capacitance and 
inductance, the test equipment as shown in the circult 
diagram, Figure A~1, was set up. The induction machine 
was operated as an eight~pole machine and was driven with 
ad-c motor. Speed was controlled by manually varying 
field resistance, A,, to maintain 60 c.p.s. output of 
the generator as indicated by the frequency meter, 

It was found necessary to make slight readjustments 
of the values of inductance, Lys and Capacitance, C,, 4s 
previously determined to assure continuous voltage genera- 
tion and to provide balanced conditions for the three phases. 
Upon completion of each run, the reactance of these elements 
was measured, 

For the steady-state investigation with constant para- 


meters, the generator was operated at power factors varying 
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from .15 lagging to .75 leading by adjusting the load 
components Ros Cos and Los The data recorded is shown 
in the Appendix (Runs I - VII) and is plotted in Figures 
1, 2, and 3, 

Further investigation was concerned with the possibility 
of improving voltage regulation by decreasing the value of 
series inductance, Lj. First (Run VIII), the same value of 
shunt capacitance, C,, was used as in the previous test. 
Then (Run IX), to demonstrate the effect of saturation, 
the value of C, was decreased, while L,; remained at the 
lower setting. These runs were made at unity power factor 
and, for comparison, are plotted with the unity power factor 
result of Run I. The data appears in the Appendix, and is 
plotted in Figures 5, 6, and 7, 

For all the above laboratory work, three-phase balance 
was maintained at generator and load within 5 percent. The 
generated waveform was observed on an oscilloscope. 

The transient behavior of the induction generator 
with inductive compensation was investigated. A 3-blade 

“guillotine” switch was inserted in the circuit of Figure 
A-l at S 3 with its secondary connected to provide single- 
and three-phase short circuits, Voltage and current 
transients were recorded using a Westinghouse portable 
oscillograph, with six recording elements. The traces 
were roughly adjusted to indicate the balanced conditions 


existing in the circuit. A time trace was not included 
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since the steady state appearing before the interruption 
is a 60 cycle trace which can be used for timing. To 
accomplish sudden application of load, a 1 HP, three-phase 
induction motor was started under load by connecting it 
through the “guillotine” switch. For unloading character- 
istics, the value of R. was increased as a step function 
by using a relay-controlled "guillotine* which removed 
parallel resistors from the circuit. 

Data compiled for the transient study are included 
in the Appendix and oscillograms are shown in Figures 


8 =- 1L2. 
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M. I. T. Induction Machine No. 704 (Squirrel Cage) 
Westinghouse Type C&S Induction Motor 


Frame 485C Serial No. 4564645 Style 89C120 
7.9 HP 220 volts 60CPS 3 phase 

Poles 4 & $} ig 

Amps per Terminal 19.7 17.8 a. 3 33.8 

Full load APM 1710 1130 &60 #70 


Temperature rise 50° in one hour at 100 percent load. 





SS. 


| | 


sd2 oP 4% Suna HY | 


<a 


ONO 
= 


~ { 


Mm ad — 
l toe ea 


-— = 


Mn gwvuaheanbt 
Ky snun dn 


“aw = 


TILUL(AP~AWACYD —- apes _Kpesis : 
Viva 
ors z-o/ FS gO £er cz ose ol 272 
oe ves Por 2'o $22 eFZ ost® zér 
OLL o's ose ES 9?/ 9° sez gla oZo€ 9'¢r 
ob? 82 1F® 9:° ore coz o2o0€ 9 °&/ es ers 7X 
ofc £e°9 Soe 7° tse 6e7 Ones oss 922 Sra K 
g ? SOL S'o eze Soe = = = Gyesros ya 
Al “°¥ 
eer 9o/ /¢ oo 597 oI? oor~y 281 922 
CFS ee ey oo 9O2 9b? os By ao 
oe’ e2ze orcs 29 sZt go $ez ei? oVse ae 
SOE st zee Suc) 22 Lae@2 Oree es) 
O° 2 so? Zo ewe Lez of£7%E 2a ost: *¥ 
ole = oe2 9'O 5 ooe o2os coy St0rz'Y 
°o ro) sot oo e2e¢ Soe oovr gt 2¢%¢ Gs one 
mT 
ots bor Z2 oo tos eel Si0y oe 97% 
oS? Zo/ Lt eo 6 o/ 612 oles €:o/ 922 
ooo! oe Sot cv eI? I9b7 Ortle o'9/ te? 
ore, ve ots es Loz oI? ost & ool Ct? 
O'6E?L 2 or aro? o2 eZ! zs 29227 aIZ OES 2oz £22 
oozes o9 102 or eat 6L2 Oo + az 2272 
ee9/ cw ov? oo gs 2e eer Ore» cor 2? 
oetze ae £52 6° o+e bez O10” e“t z2ze 
286 $2 2L2 c'o 64+e £62 Or%Zs 99 VIF ost. °x 
O8F ev eo? 9:2 fee fot ests +o ore 2072%% 
° ° sot eo @ 9 SOF otee 9-21 tzz sors 
I Me 
(oO 27 410712 47°48 D ° 5 'O 9er so ee 25 o27 
ofel g:of of. au S 2 2Iz oseE ast t27 
OFee Sol ze; sr Qt? O47 Oo°oF ane 22g 
06GE gos ofor ese +67 gs 267 42% ovo? £22 127z 
ogee oe ere el coc eL2 oso9 ol2 OFE1= PX 
o70e st 697 4) 29C SO? ooos ot? / Sez 
SEOO/ ce 9eR8 C'O ove /ef S$EE6E Sit orf= ta 
°o ‘e SOS £°O pee got SEI ze! lz2 qr vow 
4 eh 2 Tyem ride TLIOA ) sSdww £UOa stam Sdwev Sypea 
yy yorkiny y M4 a - & ao 4 I i 
Burris CGvo7 SRO AMAR 4OLOW LT 





94 


1-9 
gt 
Ga! 

£xr 
£4 
92 


tl 
a) 
vz 
ve 
seis 
seid. 
++! 


O89 68zZ SES 


VES Se OST 


Zz Lo "Lo 
vey a Ire aoseg 
fous rez 


SPIE ADpo~e avg 


o¢t es 
oVre > ts 
aor oti 
oFlsS 2-e7 
eet ee 
oVle os 
° o 


(@@.7 4inreld 4-0 04s) 


(e# 


8 fof 
eI? oe 
eS? eZ 
ost eis 
ob? Ie 
2Or ‘2 
t+/ — 
o ° 
=z £107472 £7245) 
os € to/ 
ole Ce 
oF Ee 
ov? 69 
OFF oe 
oes + 
tt/ = 
° o 
suse cdue 
y ar 
Pre 


sco> 9 


49 
oat 
auqy 
cet 
SHe 
Zee 
toe 


ot 
CE 
ees 
Ses 
Z:z 
{oz 
€é2 
sot 


$s 
e¢ 
cz 
esl 
sel 
elt 
zor 
soe 
tgsoAr 


7A 


f° saad ny. 
aris - Apwase 
Vtl¥a 
ze o+4 
82 2? 
v2 ose 
ed ese 
Sil “ese 
ou 27VE 
to eof 
vt ae 
9° Cs 
9° are 
2@ zsy 
9a rez 
9° 2:0 
sO 2eo 
4-0 @SE 
9°@ SOE 
ou toe 
oo 2a 
2o 172 
Za aE? 
go O07 
£'° eo 22 
gO €-of 
9°° g°7s 
2@ 2:°9¢ 
oA = 
s I 


eS used 


Sse 
fo? 
azz 
FSZ 
to? 
10€ 
Soe 


ssl 
/e2? 
1S% 
192 
/L£2 
922 
9e2 
Soe 
soe 


eer 
C22 
9SZ 
242 
C8? 
est 
foe 
oc 
Soc 
<44 OA 


sei 
25T9 
org 2 
o166 
ovig 
O99s5 
ooLt 


098 

o99t 
oroy 
OOXtT 
o SRT 
Of vy 
OVAL 
osly 
oro 


SBOT 
oroy 
O9£Y 
OSL 
Ov7 % 
O£2L7 
ooe? 
ofty 
oogr 
pen 
d 


as 
6 £2 
eve 
tse 
B°9t 
vse 
sae 


GE 
+ 
os 
ee 
tol 
eor 
a 
oz 
aun 


9 
96 
val 
rel 
2 
“er 
ai 
2s 
Sul 


tdusc 


aageow 


? 


SES 
Sez? 
£22 
ot? 
$72 
vee 
oe7e 


Lr2 
Sze 
972 
$22 
922 
Sze 
972 
bez 
422 


922 


9272 
sysen 
A 


‘a 


oS fls7¥ 
Sey 
Yesco: sd 
TIE vay 


os F170 
Se 012K 
Sw, Sto: ya 
ta vey 


os'tr: % 

$rols KY 

CG, S60: yo 
Zou 





9 7 


2-9 
gt 
e 

2x 
£4 


O89 682 


SES SL 


Zz Lo 
owe 27 
fous Pur ssZ 


‘s SD ogo 
Soi St 4a ave) 


ot ss 
ovre > e/ 
nes: agor o+s 
OFS 2-¢€0 
eof eG 
oFle os 
° Qo 


(@'@ «J 4109419 4945) 


ss eof 
ere oe 

2ui eso? oe 
°2S2 Routes 
ov? Ib 
zor ae 
$4+/ = 
o ° 


(6-9 2T flere? pseysy 


ost of 
ors Te 
ole ie 
OSS o9?F 6° 
oFF 99 
oes i 
$t/ a 
o o 
4, syeemn tcduwe 
laeaeZ, yY OF 
Pp vor 


49 
oat 
a2uge 
cet 
SHE 
Z2et 
woe 


et 
Cg 
ees 
Ser 
d412 
19? 
e¢e2 
SO 


oS 
s¢é 
7 
esl 
ref 
eit 
Fore 
Soe 
sgfOAr 


A 


Suna 


rds 


Wie ie 


ze o+ 
82 22 
t2 ase 
9% eI 
Sok +e¢ 
ov ZTHVE 
+o e-9e 
ft oe 
9° os 
90 gre 
2a zs 
aa vez 
9°? Vet 
5°O zec 
to @ SE 
9 @ §'° ef 
ov toe 
oo 22s 
20 62 
20 zE8z 
eo 2:62 
2:0 el? 
9° €-of 
9:0 o°7F 
2°0 9-9F 
2 a 
$ IT 


era usd 


S@ 
Foe 
ortzZ 
FSZ 
to? 
fo€ 
Soe 


set 
/¢2 
($2 
19% 
/L2 
922 
902 
see 
soe 


gs2r 
22? 
9LSZ 
2Le 
?e?2 
got 
foe 
bor 
SOF 
eff aa 
5, 


Fat 
2gT9 
Org B. 
0166 
ovlg 
O99S 
o0Zt 


09 8 
o9g9f 
ovory 
oottet 
oSEE 
OF wy 
OMe 
osez?y 
O79 % 


SEOT 
oroyv 
o9ke 
ost 
Ov9 Tt 
OfL7 
ocoe ez 
offy 
o009yz 
shee 


ad 


as 
6 £2 
Vee 
hse 
BOE 
se 
soz 


ee 
+ 
oS 
ee 
vol 
vo 
a 
oz 
any 


9+ 
oo 
vol 
fal 
2 
eee 
+7! 
eal 
eel 


tduw 


AlOYow 


‘2 


sze 
SEZ 
£22 
ot7 
$272 
e272 
72 


Lez 
Sze 
927 
$22 
922 
S22 
922 
$27 
4ez 


92¢@ 


2272 
suse” 
A 


‘oa 


oS tls7¥ 
Sear y 
Yrisco: sd 
SI vey 


OS Fr: 
S2:003°%X 
Coe Stez ya 
tr vey 


os-&er: 
grols yx 
Ce ceo: ya 

x May 





IS, 


‘sd? OF Yr fucg ttl 
Ses Spee Ye arts - Ress 


VLYUO 
I+ ze 79g ae Ig oF w98 we +e2 
269° 9¢ gol fake 98 “it SSC 9s 
oral te gc/ oe gol ets oa9 | se 
ese 5°69 26s of et <4 en BS/, 2) £20 orvly oe 
esol ot 961 ov gc/ 967 olGi re 
718 ce 40% eo E+ 902 cod gL 
Cot of cre £0 e+? cre F EL +i +9 g2?7z:% 
er = ere so zs v2 esti es Bean, 
cz o oz? oo $or 122 91¢ 2 +2? otcid 
XT “ay 
o6e ad 89 $v crs ee oesr 68 $22 
Gate bl tor es 209 eur o9ge but 272 
Ozzve ot? 2¢er SE sre oat 080°? LZ 
£09 oe’ res ooePr er PIP 42 £O2 S52 O”ogG Lop 
Cort 96 Coz o?2 gee e22 ore 2 e-s¢ 
OPse ot 992 gi lee 9e2 2002 Sle 222 SEL= IN 
orer ot ez / ce soz Ol eS Ev2 e720 282% 
ore! S32 SE? o/ 2S€ eor oooF ee e272 orscsd 
° o fof so 2 90€ eo 9 91! 472 warty 
% “4 of, Spfve tduaw typ oa eZ sduw ryyoa eyue «d mo <4pod 
24% Pog tt eaee, "o a ” s 4 o, og r A 


Kavarrrgg > prez aopwsaury sazow 2°90 





SE. 


dzansients 


1. Three Phase Short Circuit 
c= 196 mf - L = 3.8 mh 


Before Transient: . = 255 volts 
I. = 29 amps 
q amp 
ve = 212 volts 
1 = 13 amps 
PL = 4.5 KW 
| &¢ @c.p:s. 
2. Single Phase Short Circuit 
¢ = 196 mf - L = 9.8 mh 
Before Transient: 9 = 255 volts 
‘, = 29 amps 
Vy = 212 volts 
I, = 13 amps 
Py = 4,8 KW 


r= @ ¢.p.%. 
3. rat. Induction Motor - With Loaded Generator 


c= 196 mf - L = 9.8 mh 
Before Transient: Ve = 260 volts 
5, = 22 amps 
g iP 
Vi = 218 volts 
i = 11 amps 
Pe = 4.4 KW 
+ = G€.p.t. 
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After Transient: 


Induction Motor Data: 


i Hp. 220 v. 3 phase 
3 amp. 6c ¢.p.s 4 pele 


a7: 
= 4,1 KW 


Starting Induction Motor - With Unlouded Generator 
c= 196 mf - L = ,8 mh 


Before Transient: 


After Transient: 


Induction Motor Data 


Unloading 
c= 196 mf - L= 


Full Load: 


Half Load: 


= 300 voits 
= 34 amps 

= 300 volts 
= G 


= 00 c.p.s. 


600 watts 


directly above. 


mh. 

= 265 volts 
= 2/7 amps 
= 188 volts 


= 6.4 amps 
= 2700 watts 
= 60 c.p.s. 


= 294 volts 


= 34 amps 
= 280 volts 
= 3.0 amps 


= 1440 watts 


= SO c.p.S. 
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li. 


12. 


13. 
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